We have investigated the geometry and electronic structure of two different types of self-aligned silicon nanoribbons (SiNRs), forming either isolated SiNRs or a self-assembled 5 × 2/5 × 4 grating on an Ag(110) substrate, by scanning tunnelling microscopy and high resolution x-ray photoelectron spectroscopy. At room temperature we further adsorb on these SiNRs either atomic or molecular hydrogen. The hydrogen absorption process and hydrogenation mechanism are similar for isolated or 5 × 2/5 × 4 ordered SiNRs and are not site selective; the main difference arises from the fact that the isolated SiNRs are more easily attacked and destroyed faster. In fact, atomic hydrogen strongly interacts with any Si atoms, modifying their structural and electronic properties, while molecular hydrogen has first to dissociate. Hydrogen finally etches the Si nanoribbons and their complete removal from the Ag(110) surface could eventually be expected.
Introduction
Understanding hydrogen interactions is fundamental in semiconductor technology [1] . Hydrogen modifies the electrical properties of semiconductor materials and the behaviour of electronic devices [2] . The technological implications of such effects are now widely recognized [3] .
In particular, the interaction of hydrogen with silicon surfaces has become an intensively studied matter because of the important role of hydrogen atoms on passivation of surfaces, etching and other processes [4] [5] [6] [7] . The extrapolation of such studies to low dimensional Si nanostructures is a hot topic attracting growing interest in the scientific community because of their potential use for nanotechnology [8] .
Bottom-up approaches allow the creation of onedimensional (1D) nanostructures such as nanowires which can be used for nanosized electronic devices [9] . Recently, massively parallel 1D Si nanoribbons (SiNRs), all aligned along the [110] direction of the troughs of the Ag(110) surface, have been prepared by deposition of silicon atoms onto a Ag(110) surface [10] [11] [12] [13] .
Detailed experimental and theoretical studies have pointed to the graphene-like atomic structure of the 1.6 nm wide SiNRs [14] [15] [16] [17] [18] , i.e., to their silicene nature [19] . This has been further supported by the spectroscopic evidence of a Dirac cone and of the sp 2 -like character of the silicon bonds [20, 21] .
These SiNRs can be further used as a template surface for atomic and molecular adsorption [22, 23] .
Typically, upon exposure of the isolated SiNRs to molecular oxygen, oxidation starts from the SiNRs' extremities and develops according to a match burning process; during this process a gap opens up revealing the formation of a moving transverse internal nanojunction [24] . As for the self-assembled 5 × 2/5 × 4 array, the oxidation process starts at markedly higher oxygen doses, which demonstrates the robustness of the 5 × 2/5 × 4 array to molecular oxygen: typically, its reactivity is 10 4 less than that of the Si(111)7 × 7 surface [25] .
In the following, we shall present a similar comparative study of the hydrogenation of the different SiNRs upon adsorption of atomic and molecular hydrogen, extending an initial study of the hydrogenation of isolated, 0.8 nm wide, SiNRs by atomic hydrogen [26, 27] .
However, before that, we shall discuss the differences and similarities of the 0.8 nm and of the 1.6 nm wide SiNRs, since this has not yet been done in great detail.
Experimental details
Experiments are carried out by scanning tunnelling microscopy (STM) and high resolution photoelectron spectroscopy (HRPES) of the shallow Si 2p and Ag 3d core-levels and of the valence states, to probe, comparatively, the structure, the reactivity and the electronic properties of those nanostructures before and after the adsorption of either atomic or molecular hydrogen.
The angular resolved photoemission (ARPES) experiments were carried out at the I511 beamline of the Swedish Synchrotron Facility MAX-LAB in Sweden. This is an undulator based beamline designed for photon energies ranging from 50 to 1000 eV. The end station is equipped with a Scienta R4000 electron spectrometer rotatable around the propagation direction of the synchrotron light. It also houses low energy electron diffraction (LEED) and sputter cleaning setups. Further details on the beam line are given in [28] . Photoelectron spectra are collected at normal emission and grazing incidence of the photons unless otherwise stated. In all the photoemission spectra the binding energy is referenced to the Fermi level. The total experimental resolutions for core level spectra and valence spectra were 133 meV (hν = 450 eV, Ag 3d), 30 meV (hν = 135.8 eV, Si 2p) and 20 meV (hν = 75 eV, VB), respectively.
STM observations of the SiNRs were performed at the University Autónoma of Madrid UAM-Spain. We used an ultra-high vacuum (UHV) system containing a home-made variable temperature STM [29] as well as tip and sample cleaning facilities, a silicon sublimator, a hydrogen doser and cracking system and LEED optics. All images were captured at room temperature. Bias voltage is referred to the sample, that is, negative bias voltages correspond to occupied states.
The data acquisition and processing were performed with the WSxM program [30] .
For both types of prepared structures (isolated or 5 × 2/5 × 4 ordered SiNRs), the same procedure has been used for sample preparation, silicon evaporation and subsequently hydrogenation at increasing doses. The Ag(110) substrate was cleaned in the UHV chambers (base pressure: 9×10 −11 mbar) by repeated sputtering of Ar + ions and subsequent annealing of the substrate at 750 K, while keeping the pressure below 3 × 10 −10 mbar during heating. Si was evaporated at a rate of 0.03 ML min −1 from a silicon source in order to form the SiNRs. The Ag substrate was kept at room temperature to form the isolated 0.8 nm wide SiNRs [23, 26] , while mild heating of the Ag substrate at 443 K allowed the formation of a 5 × 2/5 × 4 grating [11, 13] .
For the hydrogenation process we use either molecular hydrogen or atomic hydrogen obtained by thermal dissociation of H 2 in the presence of a hot tungsten filament heated up to 1500 K in a UHV (thermal hydrogen cracker). The hydrogenation was carried out upon exposing at room temperature the so-formed isolated 0.8 nm wide or ordered 5 × 2/5 × 4 1.6 nm wide SiNRs at increasing doses expressed in Langmuir (1 L = 1 × 10 −6 Torr s).
Results and discussion
We have grown at room temperature isolated SiNRs, 0.8 nm in width, as observed in the LEED and STM image of figures 1(a) and (b) (left side). According to the STM images, two rows of protrusions are observed on each SiNR. These rows of protrusions present a periodicity along the SiNR which is given by twice a , the nearest neighbour (nn) Ag-Ag distance along the Ag[110] direction, where a = 0.289 nm, as noted before [13] . Along these SiNRs, which break the symmetry of the underlying substrate, the repeat cell (shown in figure 1(b) ) is a parallelogram with sides a 1 = 2× a = 0.578 nm and a 2 = 0.55 ± 0.05 nm, the latter along a direction at 30 • ±5 • from the Ag[001] one. The corresponding streaky LEED pattern confirms the 2× periodicity along the lengths of the SiNRs. Mild annealing of the sample yields a 3 × 2 LEED pattern that corresponds to a periodic array by lateral self-assembly of these 0.8 nm SiNRs; an embryo of such an array, two laterally adjoining SiNRs, is viewed in the STM image in figure 1 Perusal of the STM images shows that these 1.6 nm wide SiNRs are formed from the merging of the 0.8 nm wide ones with a glide of a , the nn distance. While the repeat unit cells of the 0.8 nm wide SiNRs appear to be preserved on each side of the medium line of these 1.6 nm wide SiNRs, the real repeat cell is not exactly twice as large as that of the 0.8 nm wide ones since the two internal rows of protrusions are manifestly closer: the merging is not just a duplication. Still, the orientation of the repeat cell is at 30 • ±5
• from the Ag[001] direction, which could be in accord with the orientation of the zig-zags for a hidden silicene structure [16] [17] [18] .
A detailed analysis of the Si 2p core level, displayed in figure 1(e), recorded at normal emission and 135.8 eV photon energy for both isolated and ordered SiNRs shows that the shapes of the spectra are very similar with just small variations in the relative intensities of the different peaks observed. From this, we can a priori assume that for each type of SiNRs the different Si atoms have almost the same atomic environment and the same number of atoms for each environment, i.e., both types or SiNRs appear to share a similar atomic structure. This spectroscopic evidence is in good accord with the merging noted upon looking at the respective STM images.
We have also made a comparative study of the valence band spectra of the clean Ag substrate with those corresponding to the isolated and ordered SiNRs ones in figure 1(f) . We note that the photoemission spectra corresponding to the isolated and ordered SiNRs are also rather similar. Close to the Fermi level the SiNRs spectra present relevant features, previously attributed to quantum well states (QWS), figure 1(g), originating from the lateral confinement within the narrow width of the SiNRs [10, 13] . Both systems, either isolated SiNRs or ordered ones, show clearly some states. For the isolated SiNRs system two states are clearly observable at 2.4 and 3.1 eV binding energy (BE). We have found a significant dependence of the photointensity of these states on the incident energy and the polarization vector of the light. Additional measurements performed along the direction orthogonal to that of the stripes do not reveal any dispersion of these states. The strong confinement related to these QWSs are thus supported by ARPES data.
Similar behaviour is observed on the ordered SiNRs but in this case we can identify 3 or even 4 states (at 0.9, 1.37, 2.4 and 3.1 eV), with an intensity highly dependent on the photon incident light and the photoelectron emission angle as well as the photon energy. The common 2.4 and 3.1 eV states for twice as large ribbons questions their interpretation in terms of QWSs. We suggest that they originate, instead, from edge states. From the Ag 3d core level spectra in figure 1(h) recorded at normal emission and hν = 450 eV, we note the existence at higher BE of a new component associated with the presence of the SiNRs on the surface. It can be related to the substantial silver atomic displacements theoretically predicted upon the formation of the SiNRs [15, 18] .
Having comparatively considered their electronic properties we now describe the adsorption of atomic and of molecular hydrogen on both types of SiNRs and study how they are affected.
Adsorption of atomic hydrogen
STM observations (see figure 2) point to a chemisorption process where H atoms strongly interact with the SiNRs, modifying their electronic properties. One notes that H atoms react with any silicon atom, not having any site selectivity, either along the lengths of the SiNRs or at their extremities. This might be related to the presence of multiple silicon dangling bonds that could be hydrogenated. Yet, a preferential reaction develops at the site that is first originally attacked, which is favoured by the observed high mobility and diffusion of atomic hydrogen or hydrides species either along the SiNRs or the bare silver channels/surface in-between. The behaviour is similar for the isolated and ordered 5 × 2/5 × 4 SiNRs. However, the reactivity is lower for the ordered SiNRs: the compact-ordered structure is more difficult to attack, needing higher doses of atomic hydrogen to react with the silicon atoms, making the dense array more robust against hydrogenation. Yet, for both systems, the final result of the process consists of the etching of the SiNRs eventually awaiting their complete removal from the Ag(110) substrates, at doses higher than 1000 L, confirming previous results on isolated SiNRs [27] . In the course of the photoemission experiments performed during atomic hydrogenation on the ordered 5 × 2/5 × 4 array we do observe the reduction of the intensity of the Si 2p core level by dosing (see inset of figure 3 ) and the appearance of at least one or two new components, as clearly revealed from the difference spectra. Close to the Fermi level we observe that the QWS still remain when dosing up to 10 l of atomic hydrogen. As observed on the STM images, at such doses the SiNRs can be partially damaged in some regions but different parts remain intact.
Understanding the reaction mechanism is of primary importance for designing new chemical reactions on the surface and tailoring the surface properties in a controlled and reproducible fashion. Here, we may get some hints from the literature: few calculations [31] propose a mechanism for the interaction of H with silicon surface atoms. Typically, the sticking effect of H will distort and break the Si-Si bonds to form initially a monohydride, Next, as a consequence, another H atom can also stick and form a dihydride on the silicon surface, and, in fact, form volatile SiH n molecules (SiH 2 in most cases, also produced by dissociation of SiH 4 ) which can desorb from the silicon surface leaving a vacant surface site saturated with hydrogen atoms. Experimental data by high resolution electron energy loss spectroscopy and thermal desorption spectroscopy on H adsorption on single crystal Si(111) surfaces [32] demonstrate that the only etch product of the reaction is silane, i.e. volatile silicon tetrahydride (SiH 4 ). As a matter of fact, most of the incident H atoms recombine on the Si surface and are re-emitted as H 2 ; some diffuse into the Si lattice and a small fraction reacts to produce silane. The proposed mechanism involves saturation of the surface dangling bonds by H atoms, formation of SiH and SiH 2 surface species and reaction of the latter with a weakly bound mobile overlayer of H atoms. Comparatively, silicon exposed to molecular hydrogen is almost unaffected.
As mentioned above, Salomon and Angot have studied the hydrogenation with atomic hydrogen of isolated SiNRs [27] . These SiNRs are 0.8 nm in width but exhibit a similar structure to that of the 5 × 2/5 × 4 ordered ones studied in this paper. Their HREELS measurements reveal the existence of multiple hydride species (SiH, SiH 2 and SiH 3 ) present either in or on the SiNRs. Hence, it seems that the mechanism invoked for the Si(111) surface also works for the isolated SiNRs. Unfortunately, at variance with the HREELS experiments, our PES measurements, which are not able to clearly distinguish different hydride species, cannot shed more light on the hydrogenation of the ordered 5×2/5×4 array, although, again, the same mechanism is most likely at work.
The hydrogenation process contrasts with the oxidation one with molecular oxygen studied both on isolated and 5 × 2/5 × 4 ordered SiNRs by De Padova et al [12, 25] . For the isolated SiNRs the oxidation process starts at their extremities, which are their main defects, and develops like a burning match: it is a very efficient and site selective process. Instead, the highly ordered 5 × 2/5 × 4 array, with very few defects, is very robust towards oxidation, showing that defects play here a key role.
The different behaviours of atomic hydrogen and of oxygen on the SiNRs can be related to the different elemental Pauling electronegativities: Ag (χ = 1.9), Si (χ = 1.93), H (χ = 2.1) and O (χ = 3.44). H and O have higher electronegativities than Si and Ag, meaning that by dosing with either hydrogen or oxygen, in both cases, Si or Ag surfaces could oxidize. Hence, in the present case, as a Si atom forms a bond with a hydrogen atom, its oxidation state increases. Consequently, in Si 2p PES measurements, the H-bonded silicon will appear at a higher binding energy (BE), in the photoemission spectra; actually, the Si 2p spectra displayed in figure 3 , recorded during the hydrogenation process, nicely follow this trend.
The chemical shift detected upon adding small doses of atomic H is very small if compared with the effect following the adsorption of molecular oxygen where successive shifts, each time by ∼1 eV to higher binding energies, can be clearly assigned to the presence of different oxide species. This is certainly the consequence of the larger difference in electronegativity. The oxidation mechanism by molecular oxygen implies also dissociation of the molecule at the surface; indeed, one could expect a clear enhancement of the oxidation rate upon using oxygen ions as a reactant [33] .
Adsorption of molecular hydrogen at room temperature
In this case the efficiency process is much lower than with atomic hydrogen, because in fact the sticking coefficient is very small and the hydrogen interaction with the SiNRs is only due to the dissociative adsorption of the molecular hydrogen on the silicon. Although molecular hydrogen does not readily dissociate on Si surfaces, the reaction is energetically favourable. The dissociation energy of H 2 is expected to be smaller than the Si-H bond energy [34] .
As with atomic hydrogen, the reactivity using H 2 is higher for the isolated SiNRs than for the ordered 5 × 2/5 × 4 array. However, both STM and photoemission measurements reveal that at doses as high as 1000 L the structure and the spectra still remain almost unaffected.
Comparatively, as shown in figure 4 for the ordered SiNRs, if the adsorption of moderate amounts of atomic hydrogen leads to similar results as by using molecular H 2 , a strong difference in efficiency is noted: with molecular hydrogen, higher doses, about 20 times higher, are required.
Again, a last remark is the high diffusion noted along the SiNRs during STM imaging; whether it is H, H 2 or any possible hydride species cannot be decided, but, clearly, this happens always in the course of the adsorption process.
Conclusion
To conclude, we recall that hydrogen attack on the SiNRs is not a site selective process, at variance with the oxygen interaction. Yet, once a reaction takes place it develops quickly, favoured by the high mobility of diffusing species, either H, H 2 or diverse hydrides, which move swiftly along the nanoribbons during the reactive adsorption process. Isolated SiNRs are more easily attacked than the ordered 5 × 2/5 × 4 array and the overall process is markedly more efficient with atomic H than with molecular H 2 , which has to dissociate first. Finally, the SiNRs can be completely etched away since the reaction leads to volatile SiHx species.
